Introduction
that are added to tobacco during the manufacturing process (Baker, Pereira da Silva, & Smith, 2004a) . Tobacco ingredients are classified as flavors and additives. Flavors impart a specific taste, flavor, or aroma to the product, while additives are substances used for specific technological purposes. Additives include humectants, which increase the moisture-holding capacity of the tobacco; preservatives, which protect the product from deterioration; solvents, which are used to dissolve or dilute ingredients; binders and strengtheners, which make it possible to maintain the physical state of the product; and fillers, which contribute to the volume of the product without affecting odor, taste, or flavor (Baker et al., 2004a) . The effects of tobacco ingredients on smoke chemistry and toxicology have been examined in many studies as summarized in Baker et al. (2004a) .
In one study, the effects of more than 450 tobacco ingredients added to tobacco on levels of toxicants and on various bioassay systems were examined by researchers at British American Tobacco (Baker, Massey, & Smith, 2004; Baker et al., 2004a Baker et al., , 2004b . The ingredients comprised 431 flavors, 1 flavor/solvent, 1 solvent, 7 preservatives, 5 binders, 2 humectants, 2 process aids, and 1 filler. With few exceptions, there was little significant effect of any of the additives on smoke chemistry or biological endpoints, consistent with several earlier studies, as discussed by Baker et al. (2004a) . These results indicate that added ingredients have little effect on smoke toxicology. It would be prudent however to independently validate some aspects of this research, which has been supported almost exclusively by the tobacco industry.
One interesting exception to the results described above involves the generation of formaldehyde during the combustion of sugars and relative additives (Baker, 2006) . This leads to increased formaldehyde levels in the mainstream smoke of cigarettes. As formaldehyde is genotoxic and carcinogenic and formaldehyde-DNA adducts are present in leukocytes of smokers, this requires further investigation ).
With the exception of ammonium compounds, there is little published information available on the effects of flavors and additives on product characteristics, such as attractiveness, sensory perception, palatability, and addictiveness.
Opportunities

O
What are the effects of added ingredients on qualities, such as attractiveness, sensory perception, palatability, inhalability, and addictiveness of tobacco products? How do they contribute to uptake by nondependent users, to maintenance of tobacco use, and to topography? 
Nicotine
History of Regulation
There is currently no regulation of nicotine in tobacco products sold in the United States.
What Is Known
Since nicotine in tobacco products is not regulated in the United States, the effects of regulation of these products are virtually unknown, although nicotine levels in nicotine replacement products such as patch, gum, inhaler, nasal spray, and lozenge are regulated by FDA. There is a vast literature on the addictiveness, biochemistry, biology, pharmacology, and other properties of nicotine in tobacco and on the effects of the availability of cigarettes with differing machine measured nicotine levels (Henningfield & Zeller, 2009; Hukkanen, Jacob, & Benowitz, 2005) .
What the Law Provides
Each tobacco product manufacturer or importer shall submit to the Secretary a description of the content, delivery, and form of nicotine in each tobacco product measured in milligrams of nicotine.
Research Opportunities
Background Based on years of use, nicotine replacement therapy products, such as gum, patch, and lozenge, which must meet regulatory standards for purity and safety, appear to be relatively safe for short-term use. However, recent studies indicate that there is endogenous formation of the carcinogen N-nitrosonornicotine (NNN) in some users of these products, particularly those who use gum or lozenge, which may present some hazards, especially if the products are used for extended periods of time (Stepanov, Carmella, Briggs, et al., 2009; Stepanov, Carmella, Han, et al., 2009 ). Nicotine, the major known addictive substance in tobacco products, is not a carcinogen, but a number of studies suggest that it may have cocarcinogenic or tumorenhancing properties (Schuller, 2009) , although there is presently no definitive evidence in this regard. The major problem is that addiction to nicotine in tobacco products leads to chronic exposure to the harmful constituents of tobacco and tobacco smoke, which accompany nicotine in all these products.
Nicotine exposure in people who use tobacco products can readily be quantified by measuring nicotine and five of its major metabolites-nicotine glucuronide, cotinine, cotinine-glucuronide, trans-3-hydroxycotinine, and trans-3-hydroxycotinine glucuronide-in urine (Hukkanen et al., 2005) . These metabolites account for 73%-96% of the nicotine dose. Thus, a reliable and validated biomarker of nicotine exposure exists, and this biomarker, which has been used in studies on thousands of smokers (Hecht, Yuan, & Hatsukami, 2010) , can bypass many questions about machine measurement of nicotine in cigarette smoke. This is pertinent to the recommendations below.
A plan for a comprehensive long-term nicotine policy has been presented (Gray et al., 2005) . This plan proposes a threephase policy. The initial phase would involve regulation of nicotine in tobacco products. The second phase involves introduction of clean nicotine products as the main source of nicotine. The third phase suggests progressive reduction of nicotine content of cigarettes, with clean nicotine taking their place.
The gradual reduction of nicotine in cigarettes has been proposed (Benowitz & Henningfield, 1994; Henningfield et al., 1998) , and recent studies support this approach (Benowitz et al., 2007; Hatsukami et al., 2010; Yuan et al., 2009) . In one study, use of a cigarette containing 0.05 mg nicotine per cigarette was not associated with compensatory smoking behavior but did lead to reduced carcinogen exposure, nicotine dependence, and product withdrawal scores. This cigarette also led to a significantly higher rate of cessation than a cigarette containing 0.3 mg nicotine per cigarette and a similar rate of cessation as the nicotine lozenge .
Basic compounds added to tobacco could affect smoke deliveries of nicotine. There is considerable literature data on this subject (Chen & Pankow, 2009 ). Published studies indicate that minor tobacco alkaloids such as nornicotine may have addictive properties and that acetaldehyde may contribute to the addictive properties of nicotine (Belluzzi, Wang, & Leslie, 2005; Clemens, Caille, Stinus, & Cador, 2009) .
Opportunities
O
What is the level of machine-measured nicotine, which leads to a given level of nicotine metabolite biomarkers in urine and what is the quantitative relationship between these parameters? This information is critical in establishing a realistic and practical metric for nicotine uptake in people who use tobacco products and can be determined in appropriately designed clinical studies.
What is the threshold level of nicotine in tobacco products below which dependent users will be able to freely stop using the product if they choose to do so and what would be the optimal schedule for nicotine reduction? Clinical studies that use cigarettes with progressively lower levels of machine measured and/or biomarker-confirmed nicotine levels are necessary to extend and confirm results of published studies indicating the benefits of very low nicotine delivery cigarettes with respect to dependence and cessation. The results of these studies could establish the appropriate target level for regulation of nicotine in cigarette smoke. 
Harmful Constituents
History of Regulation
There is currently no regulation of harmful constituents-for example, constituents that can cause disease or other untoward effects-in the United States, except for the regulation of pesticides mentioned in "Added Ingredients." However, various countries have set maximum levels for certain harmful constituents-tar, nicotine, and CO-in cigarette smoke. So far, there is no evidence that these regulations, which depend on machine measurements of constituents using the International Organization for Standardization (ISO) method, have had an effect on disease risk. A proposal for mandated lowering of toxicants in cigarette smoke under the Framework Convention on Tobacco Control (FCTC) has been presented (Burns et al., 2008) . This proposal focuses on regulation of several constituents of cigarette smoke, identified by a consideration of their animal and human toxicity, concentrations in cigarette smoke, variability across brands, potential for being lowered, and other factors. The constituents proposed for regulation are acetaldehyde, formaldehyde, acrolein, benzene, benzo[a]pyrene, 1,3-butadiene, carbon monoxide, and the tobacco-specific nitrosamines N-nitrosonornicotine (NNN) and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK). Several other constituents were identified for disclosure and monitoring. The constituents would be regulated according to their concentrations per milligram of nicotine as determined using the intense smoking regimen employed by Health Canada. The initial levels selected for regulation were the median values of NNK and NNN for brands on the market and 125% of the median for the other toxicants. These initial levels were determined as a first step of a phased in regulatory process.
What Is Known
While a great deal is known about toxicants in tobacco products, little is known about the effectiveness of measures designed to regulate them. Levels of some harmful constituents that occur in occupational environments or in the general environment are regulated, for example, by the Occupational Safety and Health Administration or the Environmental Protection Agency, and some of these same constituents such as benzene and 1,3-butadiene are found in cigarette smoke. The current mandated minimum exposure levels for such constituents might serve as a guide for tobacco product regulation.
What the Law Provides
Each tobacco manufacturer or importer shall submit to the Secretary a listing of all constituents identified by the Secretary as harmful or potentially harmful to health in each tobacco product by brand and by quantity in each brand and subbrand.
Research Opportunities
Which Constituents Should Be Listed?
Background. (Rodgman & Perfetti, 2009; . The 72 compounds listed are only those that have been evaluated for carcinogenicity by the International Agency for Research on Cancer (IARC) and placed in Groups 1 (carcinogenic to humans), 2A (probably carcinogenic to humans), or 2B (possibly carcinogenic to humans). All the compounds are carcinogenic in laboratory animals, and 16 are rated as carcinogenic to humans. There are other carcinogens in cigarette smoke that have not been evaluated by IARC. These include, for example, multiple polycyclic aromatic hydrocarbons (PAH) and aromatic amines with incompletely characterized occurrence levels and carcinogenic activities (International Agency for Research on Cancer, 1986 Cancer, , 2004 , 1972; S7, 1987; (Chen & Moldoveanu, 2003; Counts et al., 2004; Gregg et al., 2004; Hammond & O'Connor, 2008; Intorp et al., 2009; Roemer et al., 2004) o-Anisidine Presence and amounts in cigarette smoke were assessed based on recent literature as cited and data given in references (Chen & Moldoveanu, 2003; Counts et al., 2004; Gregg et al., 2004; Intorp et al., 2009; Smith et al., , 2001 Rodgman & Perfetti, 2009 ). Only constituents evaluated by IARC and included in Groups 1 (16 constituents), 2A (9 constituents), or 2B (47 constituents) are listed. Virtually, all these substances are known carcinogens in experimental animals. In combination with data on cancer in humans and-in some cases-other relevant data, IARC Monographs classifications for these agents have been established as Group 2B (possibly carcinogenic to humans), Group 2A (probably carcinogenic to humans), or Group 1 (carcinogenic to humans). When IARC evaluations were made more than twice, only the two most recent Monographs are listed, with volume number and year of publication.
No entry in the column "humans" indicates inadequate evidence or no data. 1 expresses carcinogen levels in weight amounts and in molar amounts. Molar amounts are more appropriate than weight amounts when making biological comparisons. The relationship between molar amounts and number of molecules should also be kept in mind. Thus, 1 nmol is 6 × 10 14 molecules, which would be the approximate number, for example, of NNK molecules delivered in the smoke of one cigarette.
There are other important constituents of cigarette smoke that are likely involved in the genesis of tobacco-related diseases. These include phenols such as hydroquinone, resorcinol, and cresols; aldehydes such as acrolein, crotonaldehyde, propionaldehyde, and butyraldehyde; other carbonyls such as acetone and 2-butanone; and other compounds such as nitrogen oxides, ammonia, hydrogen cyanide, carbon monoxide, toluene, and pyridine. Extensive data on levels of these constituents in cigarette smoke are available (Chen & Moldoveanu, 2003; Gregg et al., 2004; Intorp, Purkis, Whittaker, & Wright, 2009 ).
There are also poorly characterized constituents such as free radicals (6 × 10 14 spins per cigarette or about 1 nmol) and oxidants in cigarette smoke. Little is known about the specific inflammatory agents in cigarette smoke that may be involved in chronic obstructive pulmonary disease and cancer. Also, some studies demonstrate that nicotine may influence carcinogenic pathways (Schuller, 2009) . For smokeless tobacco, attention to constituents in addition to tobacco-specific nitrosamines and nicotine is required. For example, some products have unusually high levels of NaCl that could play a role in irritation and inflammation and act in concert with genotoxic carcinogens (Stepanov, Jensen, Hatsukami, & Hecht, 2008) .
Opportunities.
O Which known constituents of tobacco products should be reduced in concentration in order to decrease cancer risk?
O What are the potential tumor promoters, cocarcinogens, inflammatory agents, and related materials in tobacco smoke that may influence the development of cancer and other diseases? O What are the smokeless tobacco constituents other than nicotine, PAH, aldehydes, and tobacco-specific nitrosamines that may influence the development of cancer and other diseases? How might smokeless tobacco constituents impact cancer risk in smokers under conditions of dual use of cigarettes and smokeless tobacco products?
What Are the Appropriate Levels of These Constituents?
Background. This is the crucial question. The 20th century method for determining constituent levels in cigarette smoke was machine measurement. The 21st century method introduces tobacco carcinogen and toxicant biomarkers into constituent assessment. Machine measurement is useful for comparisons of different products under standard conditions but fails completely for determining actual deliveries to a smoker. Validated tobacco carcinogen and toxicant biomarkers represent a possible solution to this problem, and their use in constituent assessment and regulation is proposed here.
The general approach suggested here involves four steps: 1. Develop methods for accurate quantitation of tobacco toxicant and carcinogen biomarkers in users of tobacco products. Many of these methods are already available and have been extensively validated with respect to tobacco use (Hatsukami, Benowitz, Rennard, Oncken, & Hecht, 2006a; Hecht et al., 2010) . 2. Validate biomarkers with respect to disease by carrying out molecular epidemiology studies. Determine target levels of biomarkers associated with reduced disease risk. 3. Determine product constituent levels that correspond to target biomarker levels by performing clinical studies to determine whether people who used a product with reduced constituent levels, as determined by machine measurement, showed a corresponding reduction in biomarker levels. 4. Use these machine-measured constituent levels in regulation.
O What are the levels of particular constituents below which there would be no impact on disease risk?
Which Biomarkers Should Be Used in Regulation?
Background. Biomarkers for assessing potential health effects of tobacco products have been reviewed (Hatsukami et al., 2006b; Hecht et al., 2010) , and a panel of biomarkers related to tobacco carcinogenesis has been suggested (Hecht et al., 2010) . Validated biomarkers of exposure related to carcinogenic constituents of tobacco smoke include parent compounds or metabolites in blood, breath, nails, hair, or urine; carcinogen-DNA adducts; and carcinogen-protein adducts. Further research is required on the relationship of these biomarkers to disease. Some studies show that biomarkers such as cotinine and total 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL), a metabolite of NNK, are related to lung cancer risk (Boffetta et al., 2006; Church et al., 2009; Yuan et al., 2009) . Less is known about biomarkers of inflammation, tumor promotion and cocarcinogenesis, chronic obstructive pulmonary disease, heart disease, and other tobacco-related diseases. Exhaled carbon monoxide and total nicotine metabolites are good general short-term biomarkers of cigarette smoke exposure and may ultimately serve as excellent monitors of exposure and disease risk. For smokeless tobacco, tobacco-specific nitrosamine metabolites, total nicotine metabolites, and measures of local damage in the oral epithelium, perhaps obtained from exfoliated oral cells, would be pertinent.
Opportunities.
O
What are valid biomarkers of cancer, inflammation, tumor promotion, cocarcinogenesis, chronic obstructive pulmonary disease, heart disease, and other tobacco-related diseases?
How Does One Measure Constituents?
Background. Machine measurement of cigarette smoke constituents is not intended to fully characterize smoke composition but rather to produce a standardized method of comparison of different brands. Different methods have been discussed and characterized (Burns et al., 2008) . In the approach discussed here, machine methods will be related to biomarker levels. A given tobacco product such as a cigarette would be tested using standard machine smoking methods to determine the level of each constituent that would correspond to each mean corresponding biomarker target level in a panel of biomarkers such as that which we have recently suggested (Hecht et al., 2010) . Such testing would approximate the new product's potential for reduced exposure. Then, clinical studies that include a representative sample of smokers would be performed. The object would be to determine whether those who used this product actually met the mean target biomarker levels. Postmarketing epidemiological studies would also be conducted to provide a broader assessment of the mean levels of biomarkers achieved by the product. The design of such studies has been reviewed O'Connor et al., 2009) , and some studies of this type have been published (Hecht et al., 2010) . The machine measurement method that best approximated validated biomarker levels would be used in regulation.
For smokeless tobacco products, constituent determinations are simpler, although different extraction methods can produce different constituent yields (Prokopczyk, Hoffmann, Cox, Djordjevic, & Brunnemann, 1992) .
Opportunities.
O Which machine smoking method or extraction method for smokeless tobacco, if any, best predicts the relationships of constituents to biomarkers and disease?
What Are the Unknown Biological Properties of Tobacco Products That Need To Be Studied?
Background. While we understand a great deal about the toxic and carcinogenic constituents of tobacco products, there are also major gaps. Cigarette smoke contains more than 5,000 individual constituents (Rodgman & Green, 2003; Rodgman & Perfetti, 2009 ), but only a few have been thoroughly studied with respect to their potential toxic effects. Interactions among constituents have been only sporadically investigated. For example, we know that some PAH are cocarcinogens but that PAH also inhibit each other's metabolic activation to carcinogenic products (Shimada et al., 2007) . The biological properties of the whole mixture are more difficult to investigate than those of individual constituents. This work is impeded, for example, by the lack of perfect animal models of cigarette smoke inhalation, yet it is critical for our understanding of pertinent regulatory approaches. Some major constituents such as CO 2 , seemingly innocuous, may have been overlooked (Schwartz et al., 2010) .
O What are the significant deleterious properties of the whole tobacco or tobacco smoke mixture and their subfractions?
Testing and Reporting of Tobacco Product Constituents and Ingredients
History of Regulation
There is currently no reporting in a federal regulatory framework in the United States.
What Is Known
There are no comprehensive data available on constituent reporting under a federal regulatory framework in the United States. Tar and nicotine levels have been reported to the Federal Trade Commission since 1966, but the use of the Cambridge Filter Method for determination of tar and nicotine was discontinued in 2008.
What the Law Provides
The secretary shall require testing and reporting of tobacco product constituents, ingredients, and additives, including smoke constituents, by brand and subbrand that the Secretary determines should be tested to protect the public health . . . and may require that tobacco product manufacturers, packagers, or importers make disclosures relating to the results of the testing of tar and nicotine through labels or advertising or other appropriate means and make disclosures regarding the results of the testing of other constituents, including smoke constituents, ingredients, or additives.
Research Opportunities Background
The three machine methods used for determining cigarette smoke constituents-ISO, intense modified ISO as used by Health Canada, and Massachusetts Department of Health regimen-have been discussed (Burns et al., 2008) , and the FCTC panel decided to use the Health Canada method. It is unlikely that any one method can ever capture the variation in smoking characteristics among smokers. As machine method testing is simpler and far less expensive than biomarker testing, the use of a given machine method is deemed practical, but research is needed to relate constituent levels as determined by this method to biomarker threshold levels and disease risk as discussed in "Harmful Constituents." The appropriate methods for smokeless tobacco analysis need to be determined as well.
Opportunities
O
What are the appropriate methods for testing and reporting tobacco product constituents? O How often should these constituents be analyzed in a given product?
Summary of Research Recommendations
This section summarizes the main recommendations. Further details are provided in the text.
O
What are the effects of added ingredients on qualities such as attractiveness, sensory perception, palatability, inhalability, and addictiveness of tobacco products? How do they contribute to uptake by nondependent users, to maintenance of tobacco use, and to topography? ters? This information is critical in establishing a realistic and practical metric for nicotine uptake in people who use tobacco products and can be determined in appropriately designed clinical studies.
What is the threshold level of nicotine in tobacco products below which dependent users will be able to freely stop using the product if they choose to do so and what would be the optimal schedule for nicotine reduction? Clinical studies that use cigarettes with progressively lower levels of machine-measured/biomarker-confirmed nicotine levels are necessary to extend and confirm results of published studies indicating the benefits of very low nicotine delivery cigarettes with respect to dependence and cessation. The results of these studies could establish the appropriate target level for regulation of nicotine in cigarette smoke. 
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